Abstract: An extension of a previously derived transition-matrix solution for acoustic scattering by a 3-dimensional elastic obstacle partially buried at a water/sediment interface was carried out and numerically executed [o allow for the obstacle to be layered. Results are presented to examine the dynamics of partially-buried shells.
(1)
Here, the T matrix of the obstacle segment penetrating thejth of a total of N host layers in contact with the obstacle is defined with the second equality as the operator, Tu), that projects the vector of incident field coefficients, a(r,), onto the vector of scattered field coefficients of that segment,~). Special basis sets defined in Ref. 1 , Yj,~l(r -d(i)), satisfying the host's boundary conditions and centered on each segment at do' were used to expand fields external to the scatterer.
While the efforts described in Ref. 1concentrated on assessing the proposed solution for homogeneous axisymmetric elastic obstacles in layered environments, the formulations considered are easily generalized to allow layering of the obstacle also. This is because only the fields external to the scatterer arc treated differently from the standard free-fieId formulations; the surface fields and the fields describing the interior structure of the Obsrdclc remain expanded in standard basis sets centered on the primary coordinate origin. Therefore, if the exterior surface fields are expanded in spherical harmonics as suggested in Ref. 3 , one can dcnve the following form for the T-matrix segment of an obstacle with a layered core:
where the matrices D, h, Lu),~o), Me), and Mu) are as defined in Ref. 1 and the matrices D and E differ from D and E, respectively, only in replacing regular partial-wave functions with outgoing ones. The interior structure of the obstacle is contained in T(), the free-field scattering T matrix of the core embedded in an unbounded elastic medium specified with the material parameters of the outer layer of the obstacle; thus, TO=Oif the obstacle is homogeneous. The form of~' has been presented previously for elastically layered cores (4) as well as fluid cores (5).
With Eq. (2), the segmented T-matrix approach maybe used to calculate the field scattered by layered inhomogencous obstacles that penetrate a plane-layered host. However, the obstacle layering should be sufficiently smooth and obey certain convergence restrictions. In particular, for surface fields expanded in basis functions of spherical geometry, the origin-centered sphere that circumscribes the inner boundary of each homogeneous obstacle layer should never overlap the origin-centered sphere that inscribes its outer boundary, While this restriction becomes a problem for elongated shells, the acoustic response of spherical shells can be easily calculated.
To demonstrate the extended solution, Figs, 1 and 2 show some of the effects that burial state can have on the backscatter spectrum of an evacuated steel shell at a planar water/sediment interface when illuminated from above and from off to the side. In these calculations, attenuation in the water was ignored but included in the sediment by specifying a complex sound speed. The relevant sound speeds and densities used were 1500.Om/s and 1.0g/cm3 in water, ( 1700.0,-24.O)m/s and 2.0g/cm3 in sediment, and 5790.Om/s (compressional speed), 3100.Om/s (shear speed), and 7.9g/cm3 in steel. The shell is 0.1 a thick, where a is the outer shell radius. In Fig. 1 , a point source in the water halfspace 10Oa directly above the sphere is used and, in Fig. 2 , the source is moved to a position 34.20a above and 93.97a to the side of the sphere. For both cases, the amplitude of the displacement fieId backscattered to the source is plotted over the range O5 kf a S 20 for the center of the sphere 1a above, ccntercd on, and 1a below the interface. Here, k, is the wave number of water. The maximum 1 and tn truncation used in the calculations was 38 (although only m=O was required for Fig. 1 ) and a resolution of 200 points are maintained in each curve. All amplitudes are scaled by the free-field source strength at 4a from the source. and receiver are directly overhead, the backscatter amplitude increases with frequency for the unburied and partially buried cases. This is caused by enhancement of the field backscattcred directly from the shell by the field that is normally diffracted forward but is now reflected up by the interface. In Fig. 2 , when the source and receive points are displaced to the side, this trend is gone. While enhancement of the unburied spectrum by a mirror effect can still be expected, the backscatter doesn' t grow with frequency as in the previous cases because the field increasingly scattered forward by the obstacle is directed away from the backscatter direction by the interface. Also in Fig. 2 , the buried obstacle exhibits a decay with increasing frequency because the field refracted to the obstacle is more attenuated by the sediment as frequency increases. These generic effects would be expected even for nonshelled obstacles. The more unique burial effects arc tied to the dynamics of the shell. For examp[c, in both figures, the narrow low frequency resonances due to a flexural wave circumnavigating the shelI are clearly shifted down in frequency as burial increases. This is an inertial loading phenomenon; the resonance frequency drops because the sediment increases the effective shell mass. Also of interest is the change in the spacing of the broad higher frequency oscillations in Fig. 1 , which coincide with the frequency band where the field diffracted around the shell couples strongly to the circumnavigating flexural wave (6) . The half-buried shell exhibits oscillations with about twice the frequency separation of either the buried or unburied cases. In free-field scattering, the spacing between peaks in this band is related to an inverse time that measures the number of circumnavigations of the shelI made by the flexural wave per second and, therefore, the number of waves leaked in the backscatter direction pcr second (7) . The wider spacing exhibited by the half-buried shell is caused by early reflection of the field diffracted around the shell by the interface, which results in an echo between the arrival of the specular and the flexural-waves.
Thus, an apparent doubling of the waves in the backscattcr per second results. When the source is displaced to the side as in Fig. 2 , the spacing of the oscillations remains comparable for the unburied and half-buried shells because the timing of the flexural-wave ethos is not masked by other delayed ethos off the interface. As noled above, the forward-diffracted field is not appreciably returned in the back direction by the interface in either of these cases.
Finally, it is worth noting that the scattering solution presented here is expected to converge to an exact solution of the Helmholtz equation. Of course, its numerical stability and efficiency will determine how useful it will be. Although other techniques (e. g., BEM or FDTD methods) may ultimately supercede the present approach in this regard for more general obstacle shapes, it is anticipated that this solution will be useful for fundamental analysis and benchmarking of numerically intense simulations.
